INTRODUCTION {#sec1}
============

Lumichrome (7,8-dimethylalloxazine), the main photodegradation product of riboflavin in neutral or acidic conditions ([Fig. 1](#F1){ref-type="fig"}) ([@B1], [@B2]), is known as an effective photosensitizer ([@B3], [@B4]) and a fluorescent dye with different UV absorbance and fluorescence spectra depending on pH ([@B5], [@B6]) and solvent ([@B7][@B8][@B9]). Therefore, lumichrome has many industrial applications, including its use as a fluorescence probe ([@B10]), as a metal ion sensor ([@B11]), for the inactivation of biological contaminant ([@B12], [@B13]), and in memory and semiconductor devices ([@B14]).

![Production of lumichrome from riboflavin.](zam9991166620001){#F1}

Lumichrome production methods developed to date include the photolysis of riboflavin ([@B15]) or chemical synthesis ([@B16], [@B17]). In the photolysis method, lumichrome was obtained in 72% yield from riboflavin (10 mg; 26.6 μmol in 300 ml water) by irradiation for 100 h under a fluorescent lamp and purification by column chromatography ([@B15]). Chemical methods for lumichrome production have been described by some groups ([@B16], [@B17]), and the most effective method is synthesis of lumichrome from riboflavin via formylmethylflavin ([@B16]). Formylmethylflavin (2.16 g; 7.59 mmol), produced by treating riboflavin with NaIO~4~, was heated with 220 ml of a 50% acetic acid solution to be converted to lumichrome (1.12 g; 4.64 mmol) in 61% yield. However, these production methods are insufficient for industrial lumichrome production in the yield and scale-up manufacturing.

Biochemical production methods also have been reported using Devosia riboflavina (formerly Pseudomonas riboflavina) ATCC 9526 ([@B18]) and some Gram-positive bacteria ([@B19]). D. riboflavina produced 64.5 mg of lumichrome from 100 mg of riboflavin by cultivation at 30°C for 4 days in 100 ml medium ([@B18]). A Gram-positive bacterium produced 26.3 mg of lumichrome from 42 mg of riboflavin in an 82% yield by cultivation at 37°C for 10 days in 500 ml medium ([@B19]). These biological methods using lumichrome-producing microorganisms are superior to the chemical methods in terms of simplicity, but they have low productivity and are slow.

Therefore, we screened new bacterial strains for high levels of lumichrome production and developed novel lumichrome production methods using the isolated strain.

MATERIALS AND METHODS {#sec2}
=====================

Chemicals and bacterial strain. {#sec2-1}
-------------------------------

Lumichrome was purchased from Tokyo Chemical Industry (Tokyo, Japan). Riboflavin and dimethyl sulfoxide (DMSO) were purchased from Wako Chemical Industries (Osaka, Japan). Tryptone, Phytone peptone, and yeast extract were purchased from Becton Dickinson (Franklin Lanes, NJ). All other chemicals were commercially sourced and used without further purification. Devosia riboflavina ATCC 9526 ([@B18]) was purchased from the NITE Biological Resource Center.

Screening for lumichrome-producing microorganisms. {#sec2-2}
--------------------------------------------------

Eighteen soil samples were suspended in distilled water and incubated at 30°C for 2 to 4 days on a gellan gum plate consisting of 0.05% riboflavin and a basal medium (0.2% K~2~HPO~4~, 0.05% MgSO~4~ · 7H~2~O, 0.002% MnCl~2~ · 4H~2~O, 0.003% FeSO~4~ · 7H~2~O, and 0.05% yeast extract, pH 7.0). Colonies that formed a clear zone on this plate were subcultured onto a tryptone glucose yeast extract (TGY) agar (0.5% tryptone, 0.5% yeast extract, 0.1% glucose, 0.1% K~2~HPO~4~, and 1.5% agar, pH 7.0) plate to obtain a pure strain. Each isolated strain then was cultivated in 5 ml of nutrient medium (0.2% glucose, 0.3% Phytone peptone, 0.3% yeast extract, and 0.1% K~2~HPO~4~, pH 7.0) containing 0.5 μmol riboflavin at 30°C for 24 h with shaking (300 strokes/min). Cells were harvested by centrifugation (22,300 × *g*, 3 min, 25°C), and the supernatant was assayed by high-performance liquid chromatography (HPLC) to confirm lumichrome production.

Identification of the selected strain. {#sec2-3}
--------------------------------------

The identification of the newly isolated lumichrome-producing bacterial strain Microbacterium sp. strain TPU 3598 was performed by TechnoSuruga Laboratory Co., Ltd. (Shizuoka, Japan).

Optimization of lumichrome production by the cultivation method. {#sec2-4}
----------------------------------------------------------------

Microbacterium sp. strain TPU 3598 was cultivated at 30°C for 10 h in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin. The effect of cultivation temperature on lumichrome production under the above-described conditions was investigated by varying the cultivation temperature to 16°C, 25°C, 30°C, and 37°C. To determine the optimal pH for lumichrome production, the above-described cultivation conditions were carried out under a pH range of 5.0 to 9.0. In these investigations, the amounts of lumichrome and riboflavin in the culture supernatant were quantified by HPLC analysis.

The optimal riboflavin amount in the medium was investigated by varying the riboflavin amount within the range of 50 to 250 μmol. After the cultivation period, the culture was centrifuged (22,300 × *g*, 5 min, 4°C) to separate the supernatant and precipitate. Lumichrome and riboflavin in the supernatant were analyzed by HPLC. The precipitate was dissolved in DMSO, and the cells were removed by centrifugation (22,300 × *g*, 3 min, 25°C). This supernatant, containing lumichrome and riboflavin in DMSO, was diluted with 10 mM potassium phosphate buffer (KPB), pH 7.0, and analyzed by HPLC.

Production of lumichrome under optimal conditions of the cultivation method. {#sec2-5}
----------------------------------------------------------------------------

A 10-ml starter culture of Microbacterium sp. strain TPU 3598 in nutrient medium was cultivated at 30°C for 16 h. This culture then was inoculated into 500 ml of fresh nutrient medium, pH 7.0, containing 3.8 g (10.1 mmol) of riboflavin and cultivated at 30°C for 24 h.

Standard conditions of the resting cell reaction. {#sec2-6}
-------------------------------------------------

Microbacterium sp. strain TPU 3598 was cultivated at 30°C for 16 h in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin. Two hundred milligrams of cells (wet weight) was harvested by centrifugation (8,000 × *g*, 5 min, 4°C), washed with 10 mM KPB, pH 7.0, and resuspended in 10 ml of the same buffer. Ten milliliters of cell suspension was incubated with 50 μmol riboflavin at 30°C for 8 h, 0.1 ml of the reaction mixture was mixed with 0.9 ml DMSO, and insoluble material was discarded by centrifugation (22,300 × *g*, 3 min, 25°C). The resulting supernatant was diluted 10-fold with 10 mM KPB, pH 7.0, and the amounts of lumichrome and riboflavin were analyzed by HPLC.

Optimization of lumichrome production by the resting cell reaction. {#sec2-7}
-------------------------------------------------------------------

We sought to optimize the conditions of the resting cell reaction method of lumichrome production. The effect of reaction temperature was investigated under the above-described standard conditions, except that the incubation temperature was varied to 16°C, 25°C, 30°C, and 37°C. The optimal reaction pH was investigated under the above-described standard conditions, except that the reaction pH was varied in the range of pH 4.5 to 9.0 using 10 mM acetate buffer, pH 4.5 to 5.5, 10 mM KPB, pH 6.0 to 8.0, 10 mM Tris-HCl, pH 8.0 to 9.0, and 10 mM glycine-NaOH, pH 8.6 to 9.0. Maximum riboflavin amounts were investigated by incubation of 50 to 250 μmol riboflavin with 200 mg, 400 mg, and 600 mg of cells (wet weight) at 30°C in 10 ml of 10 mM KPB, pH 7.0.

Production of lumichrome under the optimal conditions of the resting cell method. {#sec2-8}
---------------------------------------------------------------------------------

A starter culture of Microbacterium sp. strain TPU 3598 was cultivated at 30°C for 16 h in 10 ml of nutrient medium, pH 7.0. This culture then was inoculated into 1,000 ml of fresh nutrient medium containing 100 μmol riboflavin and cultivated at 30°C for 16 h. The cells were harvested by centrifugation and washed with 10 mM KPB, pH 7.0. Twenty grams of cells then was incubated with riboflavin (3.8 g, 10.1 mmol) at 30°C for 24 h in 500 ml of 10 mM KPB, pH 7.0, or for 30 h in 100 ml of 10 mM KPB, pH 7.0.

Purification of lumichrome. {#sec2-9}
---------------------------

Lumichrome produced by both the cultivation and resting cell methods was purified as follows. Following the cultivation or resting cell method at the 500-ml scale as described above, the insoluble material, including lumichrome, was separated from cells by low-speed centrifugation (220 × *g*, 20 min, 4°C). The lumichrome in the insoluble material then was dissolved with 300 ml of DMSO at 80°C, and the remaining material was removed by centrifugation (22,300 × *g*, 5 min, 25°C). Lumichrome in the soluble state was crystallized by the addition of water (900 ml) and dried *in vacuo*.

Analysis of lumichrome and riboflavin. {#sec2-10}
--------------------------------------

Lumichrome and riboflavin were analyzed by an HPLC apparatus (Shimadzu LC-20AP; Shimadzu, Kyoto, Japan) equipped with a Cosmosil 5C~18~MS-II column maintained at 50°C (2.0 by 150 mm; Nacalai Tesque, Kyoto, Japan) using 25% methanol in 10 mM acetate buffer, pH 4.5, at a flow rate of 0.4 ml/min. Lumichrome production was detected at 254 nm and confirmed by comparison of retention time with an authentic standard.

The ^1^H and ^13^C nuclear magnetic resonance (NMR) spectra of lumichrome were recorded on a Bruker Biospin Avance II 400 spectrometer (Brucher Biospin; Rheinstetten, Germany) in a pyridine-*d*~5~ solution. The ^1^H NMR chemical shift was referenced to residual C~5~*H*D~4~N (δ = 8.71, 7.55, 7.19) signals. The ^13^C NMR chemical shift was referenced to the solvent *C*~5~D~5~N (δ = 149.9, 135.5, 123.5).

Localization of enzyme. {#sec2-11}
-----------------------

The isolated strain was cultivated in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin at 30°C for 24 h. Cells (200 mg \[wet weight\]) were harvested by centrifugation (8,000 × *g*, 5 min, 4°C), washed with 10 ml of 10 mM KPB, pH 7.0, and resuspended in the same buffer. The cells were disrupted with Multi-beads Shocker (Yasui Kikai, Osaka, Japan) (2,700 rpm, 60-s on time, 60-s off time, 6 cycles, 0.1-mm YGB01 glass bead, 4°C) and centrifuged (22,300 × *g*, 20 min, 4°C) to separate the cell extract and cell debris. The cell extract and debris were incubated in 10 mM KPB, pH 7.0, containing 1.0 μmol riboflavin at 30°C for 15 min.

RESULTS {#sec3}
=======

Isolation and identification of lumichrome-producing microorganisms. {#sec3-1}
--------------------------------------------------------------------

Two microorganisms, which were designated TPU 3598 and TPU 3599, were isolated from 18 soil samples by the formation of a clear zone on a gellan gum plate containing riboflavin. Both strains then were cultivated at 30°C for 24 h in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin, and their lumichrome-producing activity from riboflavin was assayed by HPLC analysis. The isolated strains, TPU 3598 and TPU 3599, converted 1.0 μmol riboflavin into lumichrome completely after 10 h and 12 h of cultivation, respectively. Due to its faster conversion time, we selected the TPU 3598 strain for subsequent analysis.

The 16S rRNA gene sequence of the TPU 3598 strain (see Fig. S1 in the supplemental material) was 99.9% identical to those of Microbacterium oxydans and Microbacterium maritypicum. Strain TPU 3598 was Gram positive, non-spore forming, motile, and rod shaped (0.6 to 0.7 by 1.0 to 1.2 μm). The strain grew at 30°C and 37°C but not at 42°C. The strain was catalase positive, β-galactosidase positive, β-glucosidase positive, pyrazinamidase positive, amylase negative, oxidase negative, and urease negative. [d]{.smallcaps}-Glucose, [d]{.smallcaps}-ribose, [d]{.smallcaps}-mannitol, and gelatin were digested by this strain, but not [d]{.smallcaps}-xylose, [d]{.smallcaps}-lactose, and starch. Colonies of the strain were convex, smooth, and yellow after 48 h of incubation at 30°C on nutrient agar (Oxoid; Basingstoke, England). These taxonomical and biological characteristics determined that the TPU 3598 strain belonged to Microbacterium. This strain was differentiated from the closely related M. oxydans because it was negative for H~2~S production ([@B20]) and from M. maritypicum because it was lipase activity negative and Voges-Proskauer test positive ([@B21]). On the basis of these results, we identified the isolated strain as Microbacterium sp. strain TPU 3598. It was deposited at the NITE Biological Resource Center with the number NITE P-01973.

Time course of cell growth and lumichrome production by Microbacterium sp. strain TPU 3598. {#sec3-2}
-------------------------------------------------------------------------------------------

Production of lumichrome by Microbacterium sp. strain TPU 3598 was investigated by culturing at 30°C for 24 h in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin. Cell growth was detected after 2 h of inoculation and reached a maximum after 10 h of cultivation. Lumichrome production began after 4 h of cultivation and reached a maximum after 10 h (0.99 μmol lumichrome was produced from 1.0 μmol riboflavin). Lumichrome production occurred slightly later than cell growth, and the produced lumichrome was stable in the culture without further degradation even after 24 h of cultivation ([Fig. 2](#F2){ref-type="fig"}).

![Time course of cell growth and lumichrome production by Microbacterium sp. strain TPU 3598. Microbacterium sp. strain TPU 3598 was cultivated at 30°C in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin. ●, riboflavin; ■, lumichrome; ▲, cell weight (wet weight). Results represent means obtained from three determinations. Standard deviations are less than 0.01.](zam9991166620002){#F2}

Effect of temperature on lumichrome production by the cultivation method. {#sec3-3}
-------------------------------------------------------------------------

The optimal cultivation temperature was determined by culturing at 16°C, 25°C, 30°C, and 37°C for 10 h as described in Materials and Methods. The levels of cell growth and lumichrome production at 16°C and 37°C were much lower than those at the other temperatures (0.4% and 4.9% yield, respectively). The highest cell growth and lumichrome production were obtained by cultivation at 30°C (98.5% yield) ([Fig. 3A](#F3){ref-type="fig"}). Thus, we selected 30°C as the optimal cultivation temperature for production of lumichrome by this method.

![Effect of temperature on lumichrome production. (A) Cultivation method. The isolated strain was cultivated for 10 h in 10 ml of nutrient medium, pH 7.0, containing 1.0 μmol riboflavin. (B) Resting cell method. Lumichrome production was carried out with 200 mg of cells for 8 h in 10 ml of 10 mM KPB, pH 7.0, containing 50 μmol riboflavin. Black and white bars correspond to the amounts of lumichrome and riboflavin, respectively. Error bars indicate the standard deviations obtained from three replicates.](zam9991166620003){#F3}

Effect of pH on lumichrome production by the cultivation method. {#sec3-4}
----------------------------------------------------------------

The optimal pH of the cultivation method was determined by testing a pH range of 5.0 to 9.0 as described in Materials and Methods. Cell growth and lumichrome production at pH 5.0 were much lower than those at the other pH values (0.4% yield). The strain grew well in the pH range from 6.0 to 9.0, and levels of lumichrome production between pH 7.0 and 9.0 were similar to each other, while the production level at pH 6.0 was lower than that at pH 7.0 to 9.0 ([Fig. 4A](#F4){ref-type="fig"}). Therefore, we selected pH 7.0 as the optimal pH for the production of lumichrome by the cultivation method.

![Effect of pH on lumichrome production. (A) Cultivation method. The isolated strain was cultivated at 30°C for 10 h in 10 ml of nutrient medium containing 1.0 μmol riboflavin. (B) Resting cell method. Lumichrome production was carried out with 200 mg of cells at 30°C for 8 h in 10 ml of buffer containing 50 μmol riboflavin. ●, acetate buffer; ◆, KPB; ▲, Tris-HCl buffer; ■, Gly-NaOH buffer. Error bars indicate the standard deviations from three replicates.](zam9991166620004){#F4}

Maximum riboflavin amount in the cultivation method. {#sec3-5}
----------------------------------------------------

The maximum riboflavin amount for efficient production of lumichrome by the cultivation method was determined by varying the riboflavin amount between 50 μmol and 250 μmol in 10 ml of nutrient medium, pH 7.0, as described in Materials and Methods. The strain completely converted riboflavin up to 200 μmol to lumichrome within 24 h ([Fig. 5A](#F5){ref-type="fig"}). When the cultivation time was prolonged to 65 h, 250 μmol riboflavin also was completely converted into lumichrome. Since a remarkably long cultivation time was required for complete conversion of 250 μmol riboflavin, we used 200 μmol riboflavin per 10 ml medium for subsequent studies.

![Reaction time for complete conversion of riboflavin to lumichrome. (A) Cultivation method. The isolated strain was cultivated at 30°C to utilize 50 to 250 μmol riboflavin completely in 10 ml of nutrient medium, pH 7.0. (B) Resting cell method. A total of 600 mg of cells was incubated with 50 to 300 μmol riboflavin at 30°C in 10 ml of 10 mM KPB, pH 7.0. Results represent means obtained from three determinations. Standard deviations are less than 1.0.](zam9991166620005){#F5}

Production of lumichrome under the optimal conditions of the cultivation method. {#sec3-6}
--------------------------------------------------------------------------------

As mentioned above, we demonstrated that cultivation at 30°C and pH 7.0 was optimal for lumichrome production by the cultivation method, and 200 μmol riboflavin in 10 ml of the medium was completely converted to lumichrome within 24 h under these optimal conditions. To confirm these results on a large scale, the cultivation method was carried out in 500 ml of nutrient medium, pH 7.0, containing 3.8 g (10.1 mmol) of riboflavin. After cultivation at 30°C for 24 h, the resulting lumichrome was purified according to the procedures described in Materials and Methods. The cells were easily separated from insoluble materials, including lumichrome, by low-speed centrifugation. After solubilizing lumichrome in DMSO, the remaining bacterial cells and insoluble contaminants were discarded by high-speed centrifugation. The lumichrome then was crystallized by the addition of water, and the crystallized reaction product was analyzed by HPLC and NMR. The product was identified as lumichrome by the retention time of HPLC ([Fig. 6A](#F6){ref-type="fig"}) and based on NMR spectra ([Fig. 6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}), and no other product was detected in the crystallized product. Thus, 2.4 g (9.9 mmol) of highly purified lumichrome was obtained from 3.8 g (10.1 mmol) of riboflavin in 98% yield by the cultivation method at the 500-ml scale.

![Identification of the purified product. (A) HPLC chromatogram of the purified product. Shown are the authentic standard of riboflavin (upper), authentic standard of lumichrome (middle), and purified product (lower). (B) ^1^H NMR spectrum of the purified product. Shown are the authentic standard of lumichrome (upper) and the reaction product (lower). ^1^H NMR (400 MHz, pyridine-*d~5~*) δ 2.26 and 2.33 (each 3H, s), 7.89 and 8.06 (1H, s), 13.86 (2H, br). (C) ^13^C NMR spectrum of the purified product. Shown are the authentic standard of lumichrome (upper) and the reaction product (lower). ^13^C NMR (100 MHz, pyridine-*d~5~*) δ 20.20, 20.77, 127.53, 130.07, 131.39, 139.46, 140.19, 143.40, 145.18, 148.06, 152.16, 162.41.](zam9991166620006){#F6}

Production of lumichrome by the improved cultivation method. {#sec3-7}
------------------------------------------------------------

As described above, 200 μmol riboflavin in 10 ml medium, which corresponds to 3.8 g of riboflavin in 500 ml medium, was completely converted to lumichrome within 24 h of cultivation under optimal conditions. However, 65 h of cultivation was required for complete conversion of 250 μmol riboflavin in 10 ml medium. To produce larger amounts of lumichrome, we improved this cultivation method. At the 500-ml scale, nutrient medium, pH 7.0, containing 3.8 g (10.1 mmol) of riboflavin was first inoculated with the isolated strain and cultivated for 24 h under the same conditions as those described above. After the cultivation, more riboflavin (3.8 g) was added into the culture, and it was further cultivated at 30°C for 30 h. The product then was purified by following the procedure described above. Using this modified method, 4.7 g (19.4 mmol) of lumichrome was obtained from 7.6 g (20.2 mmol) of riboflavin in 96% yield. Thus, adding additional riboflavin during cultivation increased the amount of lumichrome production by the cultivation method.

Effect of riboflavin amount added in the cultivation step on lumichrome production by the resting cell method. {#sec3-8}
--------------------------------------------------------------------------------------------------------------

Next, the possibility of using resting cells for the conversion was investigated. Since lumichrome productivity by the resting cell reaction was induced by cells cultivated with small amounts of riboflavin, the effect of riboflavin on lumichrome productivity was investigated by the addition of 0 to 2.0 μmol riboflavin in 10 ml of nutrient medium, pH 7.0. When cells cultivated without riboflavin were used for the resting cell reaction, only 3.3 μmol lumichrome was produced from 50 μmol riboflavin following incubation at 30°C for 8 h. When cells cultivated in medium containing 0.5 μmol or 1.0 μmol riboflavin were used in the resting cell reaction, 19.4 μmol or 49.7 μmol lumichrome, respectively, was produced from 50 μmol riboflavin. Cells cultivated in the medium containing 2.0 μmol riboflavin also converted 50 μmol riboflavin to lumichrome completely ([Fig. 7A](#F7){ref-type="fig"}). We used the cells cultivated in 10 ml of nutrient medium containing 1.0 μmol riboflavin for the production of lumichrome by the resting cell method.

![Effect of riboflavin amount in cultivation step on lumichrome production by resting cell reaction. (A) Microbacterium sp. strain TPU 3598. (B) Devosia riboflavina ATCC 9526. Cells were cultivated in 10 ml of the nutrient medium at 30°C for 16 h. Lumichrome production by resting cell reaction was carried out with 200 mg of cells for 8 h in 10 ml of 10 mM KPB, pH 7.0, containing 50 μmol riboflavin. Black and white bars correspond to the amounts of lumichrome and riboflavin, respectively. Error bars indicate the standard deviations obtained from three replicates.](zam9991166620007){#F7}

For comparison with the isolated strain, we performed the resting cell reaction using Devosia riboflavina ATCC 9526 under the same conditions as those described above. As shown in [Fig. 7B](#F7){ref-type="fig"}, D. riboflavina cultivated in the medium without riboflavin produced 1.9 μmol lumichrome from 50 μmol riboflavin. When cells cultivated in medium containing 0.5 μmol, 1.0 μmol, and 2.0 μmol were used in the resting cell reaction, 12.0 μmol lumichrome was produced. Thus, lumichrome productivity of our isolated strain was four times higher than that of D. riboflavina.

Effect of reaction temperature on lumichrome production by the resting cell method. {#sec3-9}
-----------------------------------------------------------------------------------

The optimal reaction temperature of lumichrome production was determined by incubation at 16°C, 25°C, 30°C, and 37°C for 8 h using the cells obtained by cultivation with 1.0 μmol riboflavin. The resting cell reaction at 16°C and 37°C converted 50 μmol riboflavin to 11.2 μmol and 12.6 μmol lumichrome, respectively, in 10 ml of 10 mM KPB, pH 7.0. The reaction at 25°C produced 42.2 μmol lumichrome after 8 h of incubation. When the reaction was carried out at 30°C, 49.9 μmol lumichrome was produced after 8 h of incubation ([Fig. 3B](#F3){ref-type="fig"}). These results indicated that incubation at 30°C is optimal for production of lumichrome by the resting cell method.

Effect of reaction pH on lumichrome production by the resting cell method. {#sec3-10}
--------------------------------------------------------------------------

The optimal pH of the resting cell method was determined by incubation at 30°C for 8 h in the pH range of 4.5 to 9.0 as described in Materials and Methods. Lumichrome production at acidic pHs was lower than that at neutral and alkaline pHs. The reaction at pHs 6.0 to 8.5 exhibited greater lumichrome production, more than 80% yield, and the highest yield was obtained by incubation with KPB, pH 7.0 ([Fig. 4B](#F4){ref-type="fig"}). A similar yield was obtained by incubation with glycine-NaOH buffer at pH 8.5, but the yield decreased remarkably using glycine-NaOH buffer at pH 9.0. Therefore, we selected KPB, pH 7.0, as the optimal buffer for the production of lumichrome by the resting cell method.

Maximum riboflavin amounts for lumichrome production by the resting cell method. {#sec3-11}
--------------------------------------------------------------------------------

Since complete conversion of riboflavin to lumichrome is preferred for the production of highly pure lumichrome, the maximum riboflavin amounts able to be converted completely to lumichrome was investigated by varying the added riboflavin amount between 50 and 300 μmol in 10 ml of 10 mM KPB, pH 7.0. When 100 μmol riboflavin was incubated with 200 mg, 400 mg, and 600 mg of cells (wet weight), it was completely converted to lumichrome after 30 h, 10 h, and 5 h of incubation, respectively (data not shown). When 200 μmol riboflavin was incubated with 600 mg of cells (wet weight), it was completely converted to lumichrome after 18 h of incubation ([Fig. 5B](#F5){ref-type="fig"}). The riboflavin amount converted to lumichrome completely within 30 h of incubation was investigated at pH 7.0 and 30°C using 600 mg of cells (wet weight) in 10 ml of the resting cell reaction. In this reaction, 300 μmol riboflavin was completely converted to lumichrome within 30 h of incubation. These results indicated that 100 mg of cells (wet weight) can completely convert 50 μmol riboflavin to lumichrome within 30 h of incubation in 10 ml of reaction mixture.

Production of lumichrome under the optimal conditions of the resting cell method. {#sec3-12}
---------------------------------------------------------------------------------

We obtained results indicating that lumichrome could be produced from riboflavin by the resting cell method and that 50 μmol riboflavin was completely converted to lumichrome by 100 mg of cells (wet weight) in 10 ml of the reaction mixture under optimal conditions. To confirm these results on a larger scale, the resting cell method was carried out in 500 ml of reaction mixture using 3.8 g (10.1 mmol) of riboflavin and the cells obtained from 1,000 ml culture (20 g of cells \[wet weight\]). In this resting cell reaction, riboflavin was completely converted to lumichrome within 24 h of incubation. The lumichrome then was purified by centrifugation and crystallization according to the procedure described in Materials and Methods, and we obtained 2.4 g (9.9 mmol) of purified lumichrome at 98% yield.

To scale down the resting cell reaction volume, the cells obtained from 1,000 ml culture were incubated with 3.8 g of riboflavin at 30°C for 30 h in 100 ml of 10 mM KPB, pH 7.0. Under these conditions, riboflavin also was completely converted to lumichrome even in 100-ml reaction volumes with the same conversion yield (98%). Thus, the resting cell reaction could be performed in a 10% volume of the culture volume.

Storage stability of Microbacterium sp. strain TPU 3598. {#sec3-13}
--------------------------------------------------------

When the cells with high lumichrome productivity are stable, lumichrome can be produced anytime by the resting cell method. Therefore, the cells cultivated in 10 ml of nutrient medium containing 1.0 μmol riboflavin were harvested and stored at −20°C for 4 weeks. The frozen cells then were thawed and used for the resting cell method. The resting cell reaction with 200 mg of cells at 30°C in 10 ml of 10 mM KPB, pH 7.0, gave 49.8 μmol lumichrome within 8 h of incubation. Thus, the lumichrome production activity of the cells was maintained following 4 weeks of storage at −20°C ([Table 1](#T1){ref-type="table"}).

###### 

Effect of storage on lumichrome production[^*a*^](#T1F1){ref-type="table-fn"}

  Storage period (days)   Lumichrome production   
  ----------------------- ----------------------- -------
  0                       50.0 ± 0.2              100.0
  7                       50.0 ± 0.02             100.0
  28                      49.8 ± 0.54             99.6

The cells were stored at −20°C. Lumichrome production was carried out with 200 mg of cells at 30°C for 8 h in 10 ml of buffer containing 50 μmol riboflavin. The indicated values represent means and standard deviations obtained from three determinations.

Localization of enzyme. {#sec3-14}
-----------------------

To analyze the enzyme localization, the cells were disrupted by glass beads as described in Materials and Methods and separated into cell extract and cell debris by centrifugation. When cell extract was incubated with 1.0 μmol riboflavin at 30°C for 15 min in 1 ml of 10 mM KPB, pH 7.0, production of lumichrome was not recognized (see Fig. S2 in the supplemental material). On the other hand, the cell debris, which was precipitated by centrifugation after cell disruption, produced 0.96 μmol lumichrome after 12.5 min of incubation.

DISCUSSION {#sec4}
==========

Lumichrome is a useful chemical with potential applications in a wide range of fields ([@B10][@B11][@B14]). Several lumichrome production methods have been developed to date, including photolysis of riboflavin ([@B15]), chemical synthesis ([@B16], [@B17]), and biochemical methods ([@B18], [@B19]). However, these production methods are insufficient for industrial use owing to several disadvantages, such as low yields, slow reaction rates, and complicated extraction and/or purification requirements by column chromatography. To solve these deficiencies, we isolated a new bacterial strain, Microbacterium sp. strain TPU 3598, as a high producer of lumichrome from riboflavin. The strain grew well in the medium containing riboflavin and exhibited higher lumichrome productivity than D. riboflavina ([Fig. 7](#F7){ref-type="fig"}), which was reported to be a lumichrome-producing bacterium ([@B18]), although lumichrome is used as an antibacterial agent to generate singlet oxygen ([@B12], [@B13]). These results indicate that the isolated strain is a lumichrome-resistant bacterium and that the enzyme for the production of lumichrome is strongly induced by riboflavin. Therefore, we developed two different methods for lumichrome production using the newly isolated strain. One is a cultivation method, and the other is a resting cell method. The two methods showed the same characteristics, in that the suspended lumichrome is produced from the suspended riboflavin with high yield. The water solubility of riboflavin is around 220 μM (0.0825 mg/ml) ([@B22]), whereas that of lumichrome is only 20 μM (0.0048 mg/ml) ([@B23]). Since the water solubility of lumichrome is lower than that of riboflavin, the lumichrome produced from the soluble riboflavin quickly changes to an insoluble state during both the cultivation and resting cell method. Because the above-described reaction and solubility state change occur continuously, high levels of lumichrome are accumulated in the solid state. We confirmed that in both methods, the majority of the produced lumichrome existed in the insoluble form (99 μmol insoluble compared to 0.9 μmol soluble) when 100 μmol riboflavin was used as the starting substrate at the 10-ml scale. This indicates that most of the produced lumichrome is obtained in the solid state due to the low water solubility ([Fig. 8](#F8){ref-type="fig"}) and that the amount of soluble lumichrome does not affect the total lumichrome yield.

![Accumulation of the produced lumichrome as a solid. Twenty grams of cells was incubated with 3.8 g of riboflavin at 30°C for 30 h in 100 ml of 10 mM KPB, pH 7.0. (A) Before incubation; (B) after 30 h of incubation; (C) purified lumichrome.](zam9991166620008){#F8}

The two methods also showed some different characteristics. Although both methods exhibited maximal lumichrome yields at 30°C, lumichrome production of the cultivation method at 25°C was only 14.3% of that obtained at 30°C ([Fig. 3A](#F3){ref-type="fig"}). In contrast, the yield of the resting cell reaction at 25°C was 84.7% of that obtained at 30°C ([Fig. 3B](#F3){ref-type="fig"}). The optimal pH of the cultivation method was 7.0 to 9.0, and lumichrome production at pH 6.0 was only 23.6% of that at pH 7.0 ([Fig. 4A](#F4){ref-type="fig"}). The resting cell reaction also exhibited an optimum at pH 7.0, but lumichrome production at pH 6.0 was 80% of the maximal amount ([Fig. 4B](#F4){ref-type="fig"}). In addition to cultivation temperature and pH, lumichrome production with the cultivation method also was affected by the riboflavin content in the medium. For example, the cultivation method gave 200 μmol/10 ml lumichrome within 20 h of cultivation ([Fig. 5A](#F5){ref-type="fig"}). The strain also could grow in 250 μmol/10 ml riboflavin, but the growth rate was reduced, and 65 h of cultivation was required to achieve complete conversion to lumichrome ([Fig. 5A](#F5){ref-type="fig"}). In the case of the resting cell reaction, 300 μmol/10 ml riboflavin was completely converted to lumichrome within 29 h of incubation by 600 mg of cells (wet weight) ([Fig. 5B](#F5){ref-type="fig"}). These results indicate that the cultivation method is strongly affected by the growth rate of the cells but that a high conversion yield is obtained under the optimal conditions: 2.4 g (9.9 mmol) of lumichrome was produced from 3.8 g (10.1 mmol) of riboflavin at the 500-ml scale after 24 h of cultivation. The method was improved by adding additional riboflavin to the culture (19.4 mmol lumichrome was produced at the 500-ml scale after 54 h of cultivation in 96% yield). These product amounts and yields obtained with the cultivation method are superior to those of the previously described methods ([@B15][@B16][@B19]).

The resting cell method reported here is the first of its kind, and the product amounts and yields obtained also are superior to those of previously described methods ([@B15][@B16][@B19]). For example, 2.4 g (9.9 mmol) of lumichrome was produced from 3.8 g (10.1 mmol) of riboflavin by incubation for 24 h. In addition, the resting cell method has several useful characteristics. First, lumichrome productivity can be induced by cells cultivated with low concentrations of riboflavin ([Fig. 7A](#F7){ref-type="fig"}). Second, the high lumichrome productivity of these cells is stably maintained even after prolonged storage by freezing ([Table 1](#T1){ref-type="table"}). Finally, this method also can be performed with small volumes at only 10% of the culture volume. Thus, our biochemical methods allow for greater efficiency in the production of lumichrome with high yield.

The production methods described here have additional advantages with respect to the purification step. Highly purified lumichrome is easily obtained through a simple purification procedure of centrifugation and crystallization. The bacterial cells are separated from the produced lumichrome by low-speed centrifugation. Lumichrome then is solubilized with DMSO, and further impurities are removed by high-speed centrifugation. The lumichrome solubilized in DMSO is easily crystallized by the addition of water, so that highly purified lumichrome can be obtained by these methods without the need for column chromatography.

Riboflavin is a water-soluble vitamin ([@B24]) and is produced industrially with the use of microorganisms. For example, more than 10 g/liter of riboflavin is produced by fermentation with Candida famata ([@B25]), which is obtained as a solid form. This suggests that lumichrome can be easily produced by combining our cultivation methods for lumichrome production with the riboflavin fermentation method.

Some groups ([@B26], [@B27]) have investigated the purification of riboflavin hydrolase, which catalyzes the degradation of riboflavin, from D. riboflavina. However, these attempts have not yet been successful. Here, we revealed that the enzyme was not easily solubilized by disruption of the cells. Thus, our results indicate that riboflavin hydrolase strongly binds to the cells and reacts to riboflavin (see Fig. S2 in the supplemental material). We are now carrying out studies on the purification of the enzyme, because both the enzyme and gene would be useful for further improvement of the present biochemical methods of lumichrome production.
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Supplemental material for this article may be found at <http://dx.doi.org/10.1128/AEM.02166-15>.
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